Measurement of thermal conductivity and heat pipe effect in hydrophilic and hydrophobic carbon papers by Wang, Yun & Gundevia, Mehernosh
UC Irvine
UC Irvine Previously Published Works
Title
Measurement of thermal conductivity and heat pipe effect in hydrophilic and 
hydrophobic carbon papers
Permalink
https://escholarship.org/uc/item/3wc0x54x
Journal
INTERNATIONAL JOURNAL OF HEAT AND MASS TRANSFER, 60
ISSN
0017-9310
Authors
Wang, Yun
Gundevia, Mehernosh
Publication Date
2013-05-01
DOI
10.1016/j.ijheatmasstransfer.2012.12.016
 
Peer reviewed
eScholarship.org Powered by the California Digital Library
University of California
International Journal of Heat and Mass Transfer 60 (2013) 134–142Contents lists available at SciVerse ScienceDirect
International Journal of Heat and Mass Transfer
journal homepage: www.elsevier .com/locate / i jhmtMeasurement of thermal conductivity and heat pipe effect in hydrophilic and
hydrophobic carbon papers
Yun Wang ⇑, Mehernosh Gundevia
Renewable Energy Resources Lab (RERL), Department of Mechanical and Aerospace Engineering, The University of California, Irvine, CA 92697-3975, USA
a r t i c l e i n f o a b s t r a c tArticle history:
Received 16 July 2012
Received in revised form 4 December 2012
Accepted 4 December 2012
Keywords:
Heat conductance
Experiment
Heat pipe effect
Hydrophilic
Hydrophobic
Carbon paper0017-9310/$ - see front matter  2012 Elsevier Ltd. A
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2012.12
⇑ Corresponding author. Tel.: +1 949 824 6004; fax
E-mail address: yunw@uci.edu (Y. Wang).In this paper, we present an experimental study on measurement of the thermal conductivity and heat
pipe effect in both hydrophilic and hydrophobic (Toray TGP-H60) carbon papers (around 200 lm thick-
ness) with/out liquid water. An experimental setup is developed for measuring thermal conductance at
different liquid water contents and temperatures without dissembling the testing device for water addi-
tion. Theoretical analysis is also performed to evaluate the apparent conductance of heat pipe effect. We
found that liquid water presence inside these materials increases the overall thermal conductivity. At
high temperature around 80 C, the heat pipe effect is evident for the hydrophilic paper; while for the
hydrophobic one, the heat pipe effect is found to be smaller. The distinction is likely due to the different
patterns of the capillary liquid ﬂow in the two media. For the hydrophobic paper, liquid water ﬂows back
to the evaporation side when the breakthrough pressure is reached and ﬂow is through preferred routes
of small ﬂow resistance. As a result, heat pipe effect is active only in part of the medium, therefore smaller
than that in the hydrophilic one. The results are important for understanding the heat transfer phenom-
ena occurring in porous media and effects of material surface property.
 2012 Elsevier Ltd. All rights reserved.1. Introduction
Carbon papers are porous materials that are widely applied in a
variety of engineering applications, such as batteries, heat transfer
devices, fuel cells, multi-stage ﬁlters, high-temperature thermal
insulators, and friction/wear applications. Carbon papers are non-
woven ﬁbrous media, based on carbon ﬁbers, and are commercially
available. Carbon ﬁbers possess excellent properties of stiffness,
strength, conductivity, and light weight, and can be made from
polyacrylonitrile (PAN), heavy fractions of oils or coals, cellulose,
or others. In fabrication, the raw carbon ﬁbers are carbonized at
high temperature in inert environment to reduce other elements
(such as nitrogen, oxygen, and hydrogen), yielding ﬁbers with high
carbon content and strong mechanical strength. In the papermak-
ing process, the chopped carbon ﬁbers are dispersed in water with
binders, such as polyvinyl alcohol, to produce carbon paper roll.
Binder content in carbon papers usually ranges from 5% to 15%
by weight. The paper’s porosity can be 80% or higher, e.g. Toray car-
bon papers. This type of carbon papers has a mean pore size of
about 20 lm. Their pore network provides passages for ﬂuid ﬂow
or species transport, while the solid matrix enables electric current
conductance or heat transfer [1,2].ll rights reserved.
.016
: +1 949 824 8585.Carbon paper’s surface property plays an important role in two-
phase ﬂow occurring inside the medium. This property can be
modiﬁed through adding Polytetraﬂuoroethylene (PTFE), nano-
structures, or other chemical agents. Applying PTFE loading is
widely adopted in PEM fuel cell development. In this method, car-
bon papers are dipped into aqueous PTFE suspensions or by spray-
ing. The wet papers are then placed in an oven for drying to remove
the residual solvent. High temperature above 300 C will sinter
PTFE and ﬁx it to the ﬁber surface. Higher PTFE content yields a
more hydrophobic property. Adding PTFE, however, reduces the
media’s porosity and possibly the mean pore size.
Thermal conductivity is an important property of carbon pa-
pers, particularly in thermal and power applications. Though car-
bon ﬁbers are highly conductive, the effective conductivity can
be low when the porosity is high. The effective conductivity is also
dependent on compression, PTFE loading, solid matrix’s tortuosity,
and the ﬂuid materials in the void space. Various experimental
methods have been employed to measure thermal conductivity
[3], and can be extended to carbon papers. Khandelwal and Mench
[4] measured carbon papers and Naﬁon membranes for PEM fuel
cell. They reported a thermal conductivity of 0.22 ± 0.04 W/m C
for Sigracet 20 wt.% PTFE carbon paper and 1.80 ± 0.27 W/m C
for Toray papers. Zamel et al. [5] measured the through-plane ther-
mal conductivity of dry Toray papers in a range of 50–120 C. They
reported about 0.8–1.8 W/m C conductivity at high deformation
and 0.2–0.4 W/m C at low deformation. Burheim et al. [6]
Nomenclature
C concentration (mol/m3)
D diffusivity (m2/s)
h the latent heat (J/kg)
k thermal conductivity (W/m C)
K permeability (m2)
M molecular weight (kg/mol)
p pressure (pa)
S saturation
u velocity (m/s)
Greek symbols
r surface tension (N/m)
e porosity
h contact angle (deg)
l viscosity (kg/m-s)
q density (kg/m3)
k mobility
s tortuosity
Subscript or superscript
c capillary
eff effective
fg phase change
g gas
hp heat pipe
l liquid
sat saturation
w water
o reference point
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Fordrymediaunder4.6, 9.3 and13.9 bar, themeasuredconductivity
was 0.27, 0.36 and 0.40 W/m C, respectively. They reported an in-
crease of around 0.17 W/m C in thermal conductivity when about
25% liquid saturation is present inside the media. Burheim et al.
[7] reported the through-plane thermal conductivities of the several
widely used carbon porous transport layers (PTLs). They found that
the thermal conductivity of dry PTLs decreaseswith increasing PTFE
content and increases with residual water.
The heat pipe effect will be promoted in carbon papers when
there exists two-phase ﬂow under a nonisothermal condition.
The effect results from the transport and phase change of the work-
ing ﬂuid ﬂow, e.g. the vapor-phase diffusion, capillary liquid ﬂow,
condensation, and evaporation: at the evaporation side, the liquid
work ﬂuid evaporates, absorbing heat. The resulting vapor trans-
ports towards the condensation side, where the vapor condenses
to liquid, releasing heat. The condensed work ﬂuid then returns
back to the evaporation side, restarting the cycle. In this process,
heat is transported from the evaporation to the condensation sides.
Wang and Wang [8,9] evaluated vapor-phase diffusion and heat
pipe conductance, indicating that the former is a signiﬁcant mech-
anism in the water management of PEM fuel cell and the latter
contributes about 0.3–0.5 W/m C conductivity at 80 C. Though
the carbon paper’s conductivity has been measured by several
experiments, little has been done experimentally to investigate
the heat pipe effect and the role of liquid in the media. In this
study, experiment was designed for precise control of liquid injec-
tion into a sealed sample, and measurement of heat pipe effect. By
comparing the results of dry and wet carbon papers, the added
thermal conductance contributed by liquid water presence, includ-
ing heat pipe effect, was obtained.2. Heat transfer and heat pipe effect in carbon papers
In carbon papers, the carbon ﬁbers are randomly aligned in the
lateral direction. In the presence of static air or hydrogen gas in the
void space, a major portion of heat ﬂow is through the solid matrix
of ﬁbers because of its high conductivity. The solid matrix’s struc-
ture therefore plays an important role in heat transfer through the
carbon papers.2.1. Carbon paper microstructure
Carbon papers consist of randomly aligned carbon ﬁbers bound
by carbonized thermoset resin, see Fig. 1(a). The ﬁber diameter isusually around 5–10 lm. The paper’s ﬁber structures can be recon-
structed through imaging or stochastic modeling. The former uses
imaging techniques, such as the X-ray Tomograph or magnetic res-
onance. The material is repeatedly sectioned and imaged. The
images are used in software to reconstruct the detailed material’s
3-D structure. The latter method is based on the knowledge of
the material’s structure and stochastic theory. It is cost effective
and fast, and its resolution is usually limited by the reconstruction
mesh. Fig. 1(b) displays the reconstructed solid matrix of a carbon
paper [10], showing a highly tortuous solid matrix due to the lat-
eral alignment of its carbon ﬁbers. Direct simulation results re-
vealed that the through-plane heat conduction occurs via a route
combining the lateral path along ﬁbers and through-plane one at
the contact points, see Fig. 2(a), resulting in a value of about 13
for the tortuosity of the solid matrix [10], and a complex distribu-
tion of temperature, see Fig. 3. The effective conductivity can be
evaluated by accounting for the volume fraction of individual
phase:
keff ¼ ksð1 eÞss þ kf esf ð1Þ
where s is tortuosity. In the occasion that the ﬁbrous matrix is
much more conductive than the ﬂuid in the void, the effective con-
ductivity can be approximated by only accounting for the solid
content:
keff ¼ ksð1 eÞss ð2Þ
Adding PTFE changes the carbon paper’s surface properties, and it
also alters the medium’s porosity, and possibly its thermal conduc-
tivity. Fig. 1(c) and (d) display the carbon papers with 0 and 30 wt.%
PTFE loadings, respectively.
2.2. Vapor-phase diffusion and heat pipe effect
The pore size of commercial carbon papers such as Toray papers
usually ranges from 10 to 100 lm with the mean size of about
20 lm [2]. Due to the small dimension, phase equilibrium generally
holds true between vapor and liquid phases in local pores. Under an
isothermal condition, this equilibrium ensures a uniform vapor
partial pressure throughout the medium. In a non-isothermal
environment, i.e. temperature varies spatially, local vapor-partial
pressure differs spatially, leading to vapor-phase diffusion. Using
a 1-D case as example, the presence of a temperature gradient will
cause the following vapor-phase diffusive ﬂux [8]:
Dw;effg
dCw
dx
¼ Dw;effg
dCsatðTÞ
dx
¼ Dw;effg
dCsat
dT
dT
dx
ð3Þ
Fig. 1. (a) The surface of a carbon paper; (b) the solid matrix of a reconstructed carbon paper [10]; (c) hydrophilic carbon paper (0 wt.% PTFE loading); (d) hydrophobic carbon
paper (30 wt.% PTFE loading). (c and d) are from Ref. [19].
Fig. 2. Schematics of heat transfer in a dry carbon paper (a), hydrophilic carbon paper (b), and hydrophobic carbon paper (c); the contacts between the sample and plate and
among ﬁbers (d), heat ﬂow by heat pipe effects in hydrophilic carbon paper (e) and hydrophobic carbon paper (f). The carbon ﬁbers are intently drawn in a structural fashion
for illustration purposes.
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proﬁle is displayed in Fig. 4 as a function of temperature. The diffu-
sion coefﬁcient is dependent on temperature and pressure:
Dwg ¼ Dwg;o
T
353
 3=2 1
P
 
ð4Þ
The vapor phase contains the latent heat of evaporation, and there-
fore its diffusion delivers heat. This is realized by water evaporationat hotter sites, vapor diffusion through the interstitial spaces, and
subsequent condensation at cooler sites. This mode of heat transfer
is conventionally referred to as the heat pipe effect. In another
word, the heat pipe effect here is driven by the concentration differ-
ence of water vapor imposed by a temperature difference. It in-
volves a coupling phenomenon between transport of heat and
mass. Assuming the vapor diffusion is the limiting factor in heat
pipe effect, the delivered heat ﬂux can be estimated as follow:
Fig. 3. Temperature distributions in three cross sections of a carbon paper, predicted by the direct simulation of heat transfer in PEM fuel cell [10]. The right side is set at
353.15 K and a heat ﬂux due to the waste heat production by PEM fuel cell is added to the left side.
Fig. 4. The water vapor saturation concentration (the solid line) and its derivative (the dash line) as a function of temperature.
Fig. 5. Heat pipe conductance khp and bulk liquid water conductivity as a function
of temperature.
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dCsatðTÞ
dT
dT
dx
¼ khpðT; PÞ dTdx ð5Þ
The above derivation indicates the heat pipe effect can be described
using an apparent thermal conductivity khp. This conductivity is a
function of temperature, pressure, and pore structure. Fig. 4 dis-
plays the saturation vapor concentration and its derivative, showing
both rapidly increase with temperature. Fig. 5 displays the apparent
conductance khp at different temperatures, calculated from Eq. (5),
showing a similar trend of khp with temperature: the heat pipe ef-
fect is weak (<0.05 W/m C) at <20 C, and increases to 0.7 W/m C
at 80 C for the water–air system and porosity of 0.8. Because water
vapor in hydrogen gas has a higher diffusivity, the heat pipe effect is
stronger, about 1 W/m C versus 0.4 W/m C for the water–air sys-
tem at 80 C. Because the vapor-phase diffusion occurs in the void
space, the heat-pipe heat transfer is parallel to that in the solid ma-
trix. Thus, the apparent heat conductance can be directly added to
local intrinsic thermal conductivity.
2.3. Capillary ﬂow
In addition to vapor-phase diffusion, the heat-pipe conductance
is also limited by the capillary liquid ﬂow and phase-change rates.
Table 1
List of parameters.
Quantity Value
The compression ratio for the hydrophilic carbon paper
(0 wt.% PTFE loading)
15 ± 3%
The compression ratio for the hydrophobic carbon paper
(30 wt.% PTFE loading)
18 ± 3%
Sample porosity before/after compression (hydrophilic
carbon paper)
0.8/0.76
Sample porosity before/after compression (hydrophobic
carbon paper)
0.72/0.66
Sample area 2  2 cm
Pressures, P 1.0 atm
The diffusion coefﬁcient Dwg;o of water vapor in air at 353 K
and 1 atm [18]
3.89  105 m2/
s
The diffusion coefﬁcient Dwg;o of water vapor in hydrogen
gas at 353 K and 1 atm [18]
1.10  104 m2/
s
Permeability of carbon papers [1] 1012 m2
The surface tension of water in the air at 80 C, r [1] 0.0625 N/m
The measured contact angles hc for the hydrophilic and
hydrophobic carbon papers
66/128
The latent heat of water liquid–gas phase change, hfg [1] 2.26  106 J/kg
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coefﬁcient, effective surface area, and others. In carbon papers,
e.g. Toray papers with their mean pore size around 20 lm, the
interfacial area between the liquid and vapor phases is large,
resulting in rapid phase change. The capillary ﬂow, however, can
be slow, and become a limiting factor in the heat pipe performance.
The capillary ﬂow ﬂux~jðlÞ, driven by the capillary pressure Pc and
gravitational force, can be expressed as [11]:
~jðlÞ ¼ kðlÞkðgÞm K½rPc þ ðqðlÞ  qðgÞÞ~g where
PðgÞ  PðlÞ ¼ Pc ¼ r cosðhcÞ eK
 1=2JðsÞ ð6Þ
where r is the surface tension, hc the contact angle, m the kinematic
viscosity, k the phase mobility, K the permeability, and s the liquid
saturation. The Leverett-J function J(s) for hydrophilic media is gi-
ven by:
JðsÞ ¼ 1:417ð1 sÞ  2:120ð1 sÞ2 þ 1:263ð1 sÞ3 for hc < 90

ð7Þ
It should be pointed out that the above Leverett function was
originally developed to describe liquid–water transport in soils;
as such, it is not directly applicable to the liquid water transport
in carbon papers due to their unique ﬁbrous characteristics. Kum-
bur et al. [12] showed the above Leveret function exhibits signiﬁ-
cant deviation from their experimental data, and developed new
Leveret functions that better ﬁt with the data. Gostick et al. [13]
proposed a new correlation for the capillary pressure for ﬁbrous
porous media as well. In addition, the capillary ﬂow in hydropho-
bic media can be different. Though continuum models were pro-
posed for hydrophobic carbon papers, the actual two-phase ﬂow
is usually highly dynamic, and difﬁcult to predict. Several studies
visualized liquid water ﬂow through hydrophobic media, showing
liquid ﬂows via preferred routes when the breakthrough pressure
is reached. Before reaching the breakthrough pressure, liquid water
is stuck inside the medium and remains static. The stuck water is
similar to the irreducible residual liquid that is bound inside the
pores by surface tension force and hence cannot be removed by
drainage but only by evaporation.
3. Experimental
To measure the thermal conductivity of carbon papers and heat
pipe effect, the experiment was designed as shown schematically
in Fig. 6. The experimental setup consists of housing for the carbon
paper sample, a gasket for seal, a coolingplate for heat removal, a hotplate, and an insulation enclosure to prevent heat loss during mea-
surement. The cooling plate ismade of aluminumwith groovedmini
serpentine channels for cooling ﬂow fed by a self-designed high-
precision ﬂow injector. The cooling ﬂow rate is injected under
control with uncertainty as low as 0.01 mL/min. By measuring the
inlet and outlet ﬂows’ temperatures, the heat removal rate, i.e., the
heat ﬂow across the sample and gasket, can be obtained. A micro
channel was machined in the housing plate to enable liquid
injection by a high-precision syringe with an accuracy of 0.002 mL
(equivalent to 5% saturation in samples). Four thermocouples
were used to measure the temperatures of the two sample surfaces
with an uncertainty of 0.05 C. The uncertainty of conductivity
measurement is about 0.03 W/m C [11]. In testing, we use Toray
papers (TGP-H60) with 0 and 30 wt.% PTFE, respectively. Fig. 1(c)
and (d) show these twomedia; and Fig. 7 displays the droplet shapes
at the medium surfaces, through which the contact angles were
measured to be about 66 and 128, respectively. In the experiment,
the twomediawere compressedby15 ± 3%and18 ± 3% in thickness,
respectively. We choose to use the compression ratio instead of the
compaction pressure because a PTFE gasket is used to seal the
sample. The portion of the compaction pressure acting on the
sample is therefore unknown and difﬁcult to determine. Several
studies investigated the relative compression ratio, compaction
pressure, and effective thermal conductivity of GDL materials
[1,5,7,14], which may provide a way to estimate the compaction
pressure over the sample. Readers who are interested in these sub-
jects are referred to these articles. The entire device is insulated by
insulation foam with 1 cm thickness. The sample through-plane
conductivity is calculated via Fourier’s law using themeasurements
of the heat ﬂow through the sample, the surface temperatures, and
the sample area and thickness. Several materials with known
thermal conductivity, such as printing papers and PTFE sheets, were
tested using the device, showing good accuracy. (Table 1) lists
several major experimental parameters.
In the experiment, the contact resistance between the sample
and plates and among ﬁbers can be large upon insufﬁcient com-
pression due to the use of gasket. Fig. 2(d) shows the ﬁbers and
their contact with a plate: the contact resistance arises not only be-
tween the carbon paper and plate which is the conventional mean-
ing of contact resistance, but also among the constituent ﬁbers. A
high compression will yield a better contact or a large contact area
both between the sample and plate, and among papers. As ex-
plained before, the ﬁber-to-ﬁber contact area can be a limiting fac-
tor for the through-plane conductivity. We assume the contact
resistance distributes uniformly throughout the sample. In other
words, the sample’s intrinsic conductivity is dependent on the
pressure imposed over its surface. This is similar to unsolidiﬁed
packed beds, whose conductivity increases with compression due
to the enhanced contact among particles. Using spherical particles
as example, a compressed state exhibits higher overall thermal
conductivity than a loosely packed state, because the contact
among particles is tighter in the former case. If this holds true
for the carbon paper, the presented contact resistance then has
no effect on the measurement of heat pipe effect and liquid water
inﬂuence because the contact resistance is cancelled out when
comparing the dry sample’s measurement with the wet one, to
be discussed later in this section. To change the sample tempera-
ture, external heated ﬂow is fed in the hot ﬂow plate. It took up
to one hour for the device to reach steady state. Measurement
was taken when no temperature change was observed in 10 min.
In the experimental procedure, measurement was conducted
ﬁrst on a dry sample. Neglecting the air’s contribution to
conductance, the overall effective conductivity can be expressed
by:
keffdry ¼ ksð1 eÞss ð8Þ
Fig. 7. Liquid water droplets at the surfaces of the hydrophilic and hydrophobic carbon papers [19].
Fig. 6. Schematic of the experimental set up for thermal conductivity measurement. The right corner shows the liquid water injection to the sample.
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water was then injected into the sample without dissembling the
device. The wet sample conductivity can then be expressed by:
keffwet ¼ ksð1 eÞss þ esl kl þ khp ð9Þ
The above takes into account the added thermal conductance
due to liquid water presence esl kl and heat pipe effect khp. Added
liquid can inﬂuence the overall thermal conductivity in several
ways, such as liquid location (e.g. near the ﬁbers joints) and shape
(e.g. contact angle). Burheim et al. [7] presented a discussion on the
contribution of liquid water. Those factors can be lumped in the
parameter of tortuosity, which characterizes the transport path.
Comparing the two measurements yields:
keffwet  keffdry ¼ esl kl þ khp ð10Þ
In addition, the contact resistance between the sample and
plate and among ﬁbers enters both measurements. Because the
two measurements were conducted without disassembling the de-
vice, the contacting conditions are identical such as the compart-
ment pressure and temperature, and hence the contact resistance
is the same. Because the contact resistance is assumed to be spread
uniformly throughout the medium, the subtraction on the left sideof Eq. (10) cancels the contact resistance. Further, in the above
equation the last term on the right is small at low temperature,
and changes rapidly with temperature, while the ﬁrst term on
the right remains almost constant, as shown in Fig. 5. Thus, the
heat pipe effect can be separated out by comparing the measure-
ments at high and low temperatures.4. Results and discussion
Fig. 8 presents the measured thermal conductivities of the
hydrophilic carbon paper (0 wt.% PTFE loading) at different tem-
peratures and liquid water saturations. The data show that the
measured thermal conductivity for the dry case decreases with
temperature: at 35 and 80 C the measurements are about 0.6
and 0.4 W/m C, respectively, smaller than that under well com-
pression [3]. This value is between the measurements at low and
high deformations [5], and along the line with Burheim et al. [7].
As to the decreasing trend, one reason is that the contact resistance
between the ﬁbers and the plate and among ﬁbers is included in
the measured data. It is difﬁcult to eliminate it because of its
dependence on compression pressure and the use of gasket. As
temperature increases, the contact resistance may change as a re-
sult of the non-uniform thermal expansion of other components
Fig. 8. The measured thermal conductivity of the hydrophilic carbon paper sample
(0 wt.% PTFE loading).
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trend is indicated. The changing contact resistance, however, has
no effect on the measurement of the heat pipe effect and the liquid
water contribution because the contact resistance is cancelled as
explained in the preceding section. The measurement of the wet
carbon papers is also plotted, showing increased conductance
when adding liquid water.
Fig. 9 shows the added heat conductance due to liquid water
presence inside the hydrophilic paper, i.e. Eq. (10). The measure-
ment shows increasing conductivity with temperature in most
cases. At 35 C, Fig. 5 shows a weak heat pipe effect (about
0.05 W/m C for s = 0.4), contributing a portion of the added con-
ductance. The liquid water is conductive, which is another reason
for the observed increase. The contribution of bulk liquid can be
evaluated using the ﬁrst term on the right of Eq. (10), esl kl. Assum-
ing liquid water follows a morphology between the solid matrix
and pore network, the bulk water conductivity of 0.6 W/m C
(see Fig. 5), a tortuosity of 2.0, a saturation of 0.4, and porosity of
0.76 will yield a conductance around 0.055 W/m C. A smaller tor-
tuosity, i.e. less than 2.0, will yield a larger contribution, which will
better match with the experimental data. Note that the solid ma-Fig. 9. The added thermal conductivity due to liquid water presence and model
prediction for in the hydrophilic carbon paper.trix tortuosity is much larger than 2.0. Despite that in reality liquid
water attaches the hydrophilic matrix, liquid may not follow the
matrix morphology completely. Instead, it exists preferentially at
ﬁber joints, reducing local thermal resistance, see Fig. 2(b). The so-
lid matrix is made of ﬁbers, which are placed randomly in the lat-
eral direction and touch each other at their contacting points. Our
previous study [10] directly simulated pore-level heat transfer,
indicating that the through-plane heat conduction occurs via a
route combining the lateral path along ﬁbers and through-plane
one at the contacting points, see Fig. 2(a). The cylindrical shape
of ﬁbers results in a small contacting area and hence large resis-
tance. Consequently, the solid matrix’s tortuosity was found to
be over 10. Liquid presence at the contacting area, however, con-
siderably improves local heat transfer by reducing the contact
resistance among ﬁbers, see Fig. 2(b).
In addition, the experimental data show the overall heat con-
ductance increases with temperature in most cases, indicative of
enhanced the heat pipe effect. A model prediction is also plotted
for the liquid saturation of 0.4, showing a similar trend of thermal
conductivity change. The model prediction assumes the vapor dif-
fusion is the rate limiting step for the heat pipe effect. The liquid
ﬂow rate can be another limiting factor which explains the
observed discrepancy between the experimental data and model
prediction. This is particularly true for the ﬁber–matrix system,
in which liquid inclines to attach the joint areas between ﬁbers
due to the hydrophilic nature of the surface, see Fig. 2(b). At a
higher level of saturation, more liquid can be sent back to the
evaporation surface, improving the heat pipe effect. Another
possible reason for the observed conductance increase is the
temperature-dependence of the bulk water conductivity: Fig. 5
shows that about 0.06 W/m C will be added to water conductivity
when temperature changes from 35 to 85 C, which accounts for a
minute portion of the increased thermal conductivity.
The wetting property of carbon paper is an important factor
governing two-phase ﬂow, see Fig. 2(b), (c), (e), and (f). Thus, a
hydrophobic carbon paper likely exhibits a different heat-pipe ef-
fect. Fig. 10 displays the experimental data of a hydrophobic car-
bon paper with 30 wt.% PTFE loading. In this case, a slightly
higher compression ratio 18 ± 3% was applied. This, along with
the PTFE addition, may result in less change of thermal conductiv-
ity with temperature, as seen from the data of the dry sample.
When liquid water is added, the overall thermal conductivity
is slightly increased. For this medium, two liquid saturations,
0.2 and 0.4, were considered in the experiment because a larger
uncertainty may arise when injecting high-content water in the
nonwetting medium. However, the conductance increase with
temperature is small.
Fig. 11 plots the added thermal conductivity due to liquid water
presence. At 45 C where heat pipe effect is relatively weak, the
added conductance appears small in comparison with the hydro-
philic one, with about 0.08 versus 0.16 W/m C. One possible rea-
son is due to the distinct morphologies of liquid presence in the
two media: liquid tends to form isolated bulk droplets at a hydro-
phobic surface whereas it tends to form a ﬁlm at the hydrophilic
surface, see Fig. 2(e) and (f). Isolated droplets contribute smaller
conductance; however, the droplet morphology makes it easier
to link neighboring ﬁbers, reducing tortuosity, see in Fig. 2(c).
The ﬁnal effect is determined by the balance of the two factors. An-
other possible reason is heat pipe effect, which is likely active only
in a portion of the hydrophobic paper, to be detailed later. From 45
to 85 C, the thermal conductivity is slightly increased by about
0.05 W/m C, which again is much lower than that of the hydro-
philic paper. This value is close to the increment of bulk water con-
ductivity in the range of temperature increase, see Fig. 5. We also
plot in the ﬁgure the liquid water conductivity from 45 to 85 C
with a liquid saturation of 0.3 (the average of the two experimental
Fig. 10. The measured thermal conductivity of the hydrophobic carbon paper
sample (30 wt.% PTFE loading).
Fig. 11. The added thermal conductivity due to liquid water presence, and model
prediction, and liquid water conductivity at s = 0.4 for the hydrophobic carbon
paper.
Fig. 12. Two preferred sites of liquid water droplet formation at the surface of a
hydrophobic carbon paper [18]. The liquid droplets result from liquid water
transport through the medium.
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tortuosity of 1.5 contributes about 0.08 W/m C to the conductivity
at a temperature point. A higher tortuosity 2.0 gives a lower
value, around 0.05W/m C. For both tortuosities, the temperature
dependence of liquid thermal conductivity is negligible, less than
0.01 W/m C increase is indicated when temperature changes
from 45 to 85 C. In addition, the heat pipe conductance predicted
by Eq. (5) is much larger than the observation: the equation gives
an increase of about 0.4 W/m C in the apparent conductivity from
45 to 85 C. A much small increase observed in the hydrophobic
medium is possibly due to the lack of liquid ﬂow back to the
evaporator side: several experiment reported that a breakthrough
pressure [15–18] is required to enable liquid water ﬂow through
hydrophobic carbon papers. Fig. 12 visualized droplet formation
at the surface of a hydrophobic carbon paper, resulting from
the water transport through the medium, and showed droplets
always form at the two preferred locations. The routes to these
sites exhibit small ﬂow resistance, therefore are preferred for
liquid ﬂow. Similarly, the heat pipe effect is likely promoted in
the portion of the medium where ﬂow resistance is low and thecapillary pressure is sufﬁciently large to overcome the break-
through pressure, see the dashed line in Fig. 2(f). As a result, heat
pipes are active only in these local spots, resulting in a signiﬁcantly
reduced effect, as observed. We assume the heat pipe effect is ac-
tive in a 20% portion of the carbon paper, and obtain a similar trend
of thermal conductance increase as the experimental data.5. Conclusion
This paper presented an experimental study of the thermal con-
ductivity of carbon papers with/out liquid presence and the heat
pipe effect. An experimental setup was designed and measurement
was carried out for both hydrophilic and hydrophobic carbon pa-
pers. We found that the overall conductivity is improved when li-
quid water is added to the carbon papers, and the overall
conductivity in wet media increases with temperature. By separat-
ing out the thermal conductivity of dry carbon papers, the added
conductivity due to liquid water presence was obtained. For the
hydrophilic paper, the measured data showed an increase of con-
ductivity at 35 C,which is larger than that of thepredictedheat pipe
effect. It is possibly due to the fact that liquid is presented preferen-
tially at the contact area among ﬁbers, which greatly reduces the lo-
cal resistance. For the hydrophobic carbon paper, the increase is
smaller than the hydrophilic because of difference in either liquid
morphology or heat pipe effect. Under high temperature, heat pipe
effect becomes signiﬁcant, improving the overall thermal conduc-
tivity of the hydrophilic papers. The added conductance increases
rapidly with temperature with about 0.4 W/m C from 35 to 85 C.
The model prediction showed a similar trend as the experimental
data. The heat pipe effect is smaller for the hydrophobic carbon pa-
per, which is likely due to its nonwetting surface: liquid water only
ﬂows back to the evaporation surface via preferred routes at the
breakthrough pressure. As a result, the heat pipe effect is active in
part of the hydrophobicmedia, yielding a reduced increase in added
thermal conductivity with temperature.
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